Introduction 1997; Thomas et al., 1997; Kim et al., 1998) . Based on the sequences of these putative interacting proteins as The clustering and immobilization of receptors and ion well as direct mutational analysis , pepchannels at specific subcellular sites is believed to be tide library screening (Songyang et al., 1997) , and X-ray mediated by intracellular proteins that attach these memcrystallography of the PDZ3 domain complexed with brane proteins to the cytoskeleton. Furthermore, recepa cognate peptide (Doyle et al., 1996) , the consensus tors and ion channels interact with cytoplasmic proteins C-terminal sequence for binding to the PDZ domains of involved in the modulation (Holmes et al., 1996; Tsunoda PSD-95 has come to be represented as -X(T/S)XV (where et al., 1997; Yu et al., 1997) or in the downstream signal-X represents any amino acid). However, this consensus ing mechanisms of the receptor/ion channel (Brenman appears to be an oversimplification. For instance, many et al., 1996a; reviewed in Sheng and Kim, 1996; Tsunoda C termini that conform to the -X(T/S)XV consensus have et al., 1997). Our understanding of receptor/ion chanpoor affinity for PSD-95 PDZ domains. Moreover, alnel-associated protein complexes has expanded rapidly though the -X(T/S)XV consensus applies to all three PDZ in recent years, especially at the vertebrate neuromusdomains, neither Shaker nor NR2 subunits can bind to cular junction (NMJ) and more recently in mammalian PDZ3 of PSD-95 Kornau et al., 1995 ; central excitatory synapses. In particular, the postsyn- Niethammer et al., 1996) ; this implies differential recogaptic density (PSD) of excitatory synapses is becoming nition of C-terminal sequences by PDZ1/2 and PDZ3. Unappreciated as a specialized structure in which an array derstanding the basis of this subtle sequence discrimination by PDZ domains would be aided by knowledge of the specific binding partners for PDZ3. In contrast to
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Figure 1. CRIPT Is a Highly Conserved Protein Expressed in Many Tissues
(A) A schematic representation of PSD-95 is shown (small numbers refer to amino acid residues at the boundaries of various domains). CRIPT was isolated from a yeast two-hybrid screen using PDZ3 of PSD-95 as bait (the region contained in the bait is indicated by PDZ3-pBHA).
(B) Alignment of rat CRIPT sequence with proteins encoded by human and Arabidopsis thaliana EST sequences and a C. elegans genomic sequence. Identical amino acids are boxed in black, conserved changes in gray. The GenBank accession numbers for rat, human, Arabidopsis, and C. elegans sequences are AF047384, AA165108, F19988, and Z80215, respectively. PDZ1/2, however, little is known about PDZ3-specific of PDZ recognition and indicate that the determinants of PDZ binding are more complicated than currently ligands with the exception of neuroligin (Irie et al., 1997) . Here we report the identification of a novel protein believed. PSD-95, a core component of the PSD, is virtually (named CRIPT) that binds selectively to the PDZ3 domain of PSD-95. Binding specificity for PDZ3 is deterinsoluble in nondenaturing detergents (Cho et al., 1992 , Allison et al., 1998 , indicating a tight association with mined by the -1 position of the CRIPT C terminus as well as by amino acids upstream of the final four resithe cytoskeleton. Furthermore, the putative channel clustering and targeting function of PSD-95 implies a dues. These findings emphasize the exquisite specificity direct or indirect interaction with the cytoskeleton. Despite the identification of a variety of ligands for PSD-95 family proteins, however, the mechanism(s) by which PSD-95 is attached to the postsynaptic cytoskeleton remains unclear. We show here that CRIPT can induce the recruitment of PSD-95 to microtubules and that CRIPT is tightly associated with PSD-95 and tubulin in vivo. Thus CRIPT is a candidate molecule involved in the cytoskeletal anchoring of PSD-95.
Results

Isolation of CRIPT, a Highly Conserved Protein that Binds to PDZ3 of PSD-95
To identify proteins that bind to the third PDZ domain of PSD-95, we screened a rat brain cDNA library by the yeast two-hybrid system, using PDZ3 as bait ( Figure  1A ). From 2 ϫ 10 6 clones, four copies of a single identical clone (clone 3.13) were isolated, which encoded the last 98 amino acids of a novel protein. The two-hybrid interaction is specific-clone 3.13 bound to PDZ3 from PSD-95 but not to a series of negative control baits. The 3.13 coding region terminates in the sequence gluta- ␤-galactosidase (time taken for colonies to turn blue in X-gal filter amino acid protein with a predicted molecular weight lift assays : ϩϩϩ, Ͻ40 min; ϩϩ, 40-100 min; ϩ, Ͼ100 min; -, no significant ␤-gal activity). Small numbers refer to of 11 kDa and no recognizable motifs or domains ( Figure 1B) . CRIPT is remarkable for its identical filter probed with PDZ1-2 (a H6-tagged fusion protein of high degree of conservation across species and phyla, the first two PDZ domains of PSD-95), demonstrating strong binding with 68% identity (78% similarity) between the human to Kv1.4 and NR2B but not to CRIPT, Kv4.2, or GST alone. and Arabidopsis sequences ( Figures 1B and 1C) . The NR2B1453c encodes a shorter version of the NR2B C terminus than greatest conservation is found in the N-and C-terminal NR2B1361c (Niethammer et al., 1996) . Asterisks indicate positions of control Kv4.2 and GST-fusion proteins. The positions and comparegions of the protein, which contain several -CXXCrable loading of all GST-fusion proteins was checked by stripping repeats. Northern blotting showed CRIPT mRNA to be the filters and reprobing them with anti-GST antibodies (data not expressed in all tissues examined, including brain (Figshown) . ure 1D). The presence of two major CRIPT transcripts ‫1ف(‬ and ‫2ف‬ kb in size) is consistent with our finding of two different 3Ј untranslated regions in cloned CRIPT the other hand, CRIPT showed strongest binding to cDNAs (data not shown).
PDZ3 and weak or no binding to PDZ2 and PDZ1. Thus, in contrast to Shaker and NR2 subunits, CRIPT shows binding preference for PDZ3 over PDZ1/2. CRIPT also CRIPT Binds Specifically to PDZ3 of PSD-95 Family Proteins bound specifically and with similar efficiency to the PDZ3 domains of all other members of the PSD-95 famAlthough CRIPT was isolated by its binding to PDZ3, its C-terminal sequence (-QTSV) seemed potentially capaily: chapsyn-110, SAP102, and SAP97 (data not shown; see below). Substituting the C-terminal valine of CRIPT ble of interacting with the other PDZ domains of PSD-95 (consensus binding sequence -X(T/S)XV). Therefore, with alanine (CRIPTV101A) abolished its interactions with PDZ3 and PDZ2 domains (Figure 2A ), confirming that we assayed CRIPT interaction with individual PDZ domains (PDZ1, PDZ2, and PDZ3) in the yeast two-hybrid the C-terminal sequence of CRIPT is critical for PDZ binding. system. A comparison of PDZ domain preference between CRIPT, NR2B, and Kv1.4 is shown in Figure 2A .
We independently confirmed selective and direct interaction between CRIPT and PDZ3 using filter overlay Both Kv1.4 and NR2B bound strongly to PDZ1 and PDZ2 but showed no detectable interaction with PDZ3. On assays with purified bacterial fusion proteins ( Figure 2B ). (A) Systematic mutation of CRIPT and Kv1.4 C-terminal sequences and their effects on binding to individual PDZ domains of PSD-95 and to PDZ3 N326S . The CRIPT C terminus was changed one residue at a time toward the sequence of Kv1.4 (row 1 down to row 3). The Kv1.4 C terminus was changed one residue at a time toward the sequence of CRIPT (row 11 up to row 4). The wild-type sequences are shown with a gray background. The presence of valine (V) at the 0 position and threonine (T) at the -2 position is shared between CRIPT and Kv1.4. V(0) to A mutants of both CRIPT and Kv1.4 do not bind to any PDZ domain (row 12; Figure 2A ). Similarly, a T(-2) to A mutant of Kv1.4 cannot interact with the PSD-95 PDZ domains (row 13). Yeast two-hybrid interactions were measured as in Figure 2A . A thioredoxin (Trx)-fusion protein containing PDZ3 of the -1 residue of CRIPT (serine) to that of Kv1.4 (aspartate) (QTSV→QTDV) abolished binding to PDZ3 while chapsyn-110/PSD-93 bound strongly to a GST-fusion of CRIPT and very weakly to the C termini of the Shaker strengthening interaction with PDZ1 and PDZ2 ( Figure  3A , row 2). Thus, the -1 position is critical for determining subunit Kv1.4 and NR2B ( Figure 2B , left). Conversely, a fusion protein containing the PDZ1 and PDZ2 domains PDZ specificity, since a simple substitution at this position in CRIPT (QTSV→QTDV) changes the PDZ preferof PSD-95 bound strongly to the C termini of Kv1.4 and NR2B, but not to CRIPT (Figure 2B, right) . No binding ence of CRIPT to that of Kv1.4. A further substitution of the -3 glutamine of CRIPT to glutamate (QTSV→ETDV) was detectable with either fusion protein to GST alone or to the Shal-type K ϩ channel subunit Kv4.2. Thus, both caused a further enhancement in PDZ1 and PDZ2 binding without rescuing PDZ3 interaction ( Figure 3A , row in vitro binding and yeast two-hybrid analysis indicate that CRIPT interacts preferentially with the PDZ3 domain 3). Thus, replicating the last four amino acids of Kv1.4 in the CRIPT backbone essentially converts CRIPT into of PSD-95 family proteins.
As another way to confirm and to extend the specificKv1.4 with respect to both PDZ-binding specificity and efficacy. The simple interpretation of these results is ity of the CRIPT interaction, we performed a "reverse" yeast two-hybrid screen of the brain cDNA library, this that the C-terminal tetrapeptide sequence is sufficient for determining PDZ binding, with the -1 and -3 positions time using CRIPT as bait. Twenty positives were isolated from ‫5.1ف‬ ϫ 10 6 clones, 16 of which encoded for various specifying differential recognition between PDZ3 and PDZ1 or PDZ2. Note that the 0 (valine) and -2 (threonine) members of the PSD-95 family of proteins (data not shown). In addition, the CRIPT two-hybrid screen also residues, which are conserved in both CRIPT and Kv1.4, are critical for binding to either PDZ2 or PDZ3 (Figures yielded four cDNA fragments encoding three novel proteins, each of which contains a PDZ domain. Interest-2A and 3A; see Kim et al., 1995) . The situation becomes more complicated, however, ingly, the PDZ domains of the three novel proteins show greater sequence similarity to PDZ3 of PSD-95 than to when examining the effects of substitutions starting from the Kv1.4 backbone ( Figure 3A , row 11, up). The PDZ1 or PDZ2 (data not shown). Beyond supporting the PDZ3-binding specificity of CRIPT, these two-hybrid converse substitution of the -1 position of Kv1.4 to that of CRIPT (ETDV→ETSV) did not promote PDZ3 binding screen results also suggest the possibility of other binding partners for CRIPT among non-MAGUK proteins that ( Figure 3A , row 10). PDZ3 binding was undetectable even after replicating the last four (-QTSV) or last five contain PDZ3-like PDZ domains.
amino acids of CRIPT (-KQTSV) in the context of the Kv1.4 tail ( Figure 3A , rows 9 and 8). In fact these mutaDefining the Determinants of CRIPT's Binding Preference for PDZ3 tions merely served to impair or abolish binding by PDZ1 and PDZ2. Since the C-terminal four or five amino acids The CRIPT C terminus (last four amino acids: -QTSV) binds selectively to the PDZ3 domain, whereas the simiof CRIPT were not sufficient to confer PDZ3 interaction, we continued to substitute residues further upstream in lar C terminus of Kv1.4 (-ETDV) is specific for PDZ1 or PDZ2. What are the determinants of this differential PDZ the Kv1.4 C-terminal tail. Only by changing the last six to seven residues of Kv1.4 to those of CRIPT were we binding? To address this question, we systematically mutated both CRIPT and Kv1.4 so that the sequence of able to detect PDZ3 binding in the two-hybrid system ( Figure 3A , rows 6 and 7). Converting the PDZ binding their C-terminal tails was transformed stepwise from one protein into the other ( Figure 3A) . Significantly, startbehavior of the Kv1.4 C-terminal tail into that of the CRIPT C-terminal tail required changing the last eight ing from the CRIPT backbone (Figure 3 , row 1), changing to nine residues ( Figure 3A , rows 4 and 5). In contrast pyramidal neurons of hippocampus and cortex and the Purkinje neurons of cereto PDZ2 binding, then, these results indicate that PDZ3 specificity is dependent on residues upstream of the bellum [ Figure 4I] ). In addition to this somatodendritic pattern, CRIPT staining was also present in the neuropil C-terminal tetrapeptide as well as on the -1 and -3 positions close to the C terminus.
( Figure 4E ). At this level of resolution, the pattern of CRIPT staining is similar to that of PSD-95 in brain (Cho The differential binding specificity of PDZ3 may be due in part to asparagine (N)-326 within the PDZ3 domain et al., 1992; Kim et al., 1996) . This staining pattern is specifically abolished by preincubation of CRIPT anti-(position ␤B2 in the crystal structure of Doyle et al., 1996) . In PDZ1 and PDZ2, the equivalent amino acid is bodies with the immunogen peptide ( Figure 4K ). serine. Indeed, substituting residue N326 of PDZ3 with serine made the mutant domain (PDZ3N326S) behave in Subcellular Colocalization of CRIPT and PSD-95 by LM and Immunogold EM part like PDZ2. For instance, PDZ3N326S bound to the -QTDV and -ETDV tetrapeptides in the context of the To obtain higher subcellular resolution and to facilitate double labeling studies, we stained for CRIPT in hippo-CRIPT C-terminal tail just like PDZ2 ( Figure 3A , rows 2 and 3). Interestingly, however, PDZ3N326S was unable to campal neuronal cultures ( Figure 5 ). CRIPT showed a punctate pattern of dendritic immunoreactivity, which bind -ETDV in the context of native Kv1.4 ( Figure 3A , row 11)! In fact, PDZ3 N326S showed overriding specificity colocalized almost exactly with PSD-95, especially on dendritic spines (Figures 5A-5C). Moreover, the CRIPT for CRIPT sequences upstream of the last four amino acids, behaving identically to PDZ3 with respect to mupuncta are at synapses, as indicated by the close apposition of CRIPT labeling to that of the presynaptic termitations in the Kv1.4 background ( Figure 3A , rows 4-11, compare PDZ3 and PDZ3 N326S ). PDZ3 N326S thus exhibits nal marker SV2 ( Figure 5I ). In addition, there was diffuse CRIPT staining in cell bodies and dendrites ( Figure 5D ). specificity features of both PDZ2 and PDZ3, but the PDZ3-like properties (compatibility with upstream sePreincubation of the antibody with immunogen peptide abolished the punctate dendritic spine staining, indicatquences) override those of PDZ2 (preference for D at -1).
To quantitate rigorously the strength of the interaction ing that the synaptic labeling is specific ( Figures 5E-5H ). The diffuse cytoplasmic staining was only partially combetween CRIPT and PDZ3 and the role of residues upstream of the terminal tetrapeptide, we used fluorespeted by peptide. CRIPT resembles PSD-95 in being absent from inhibitory GABAergic synapses (the latter cence polarization (an in-solution method) to measure binding affinities ( Figure 3B ). The isolated C-terminal labeled with GAD antibodies; Figure 5J ). Immunogold electron microscopy (EM) affords the hightetrapeptide of CRIPT bound only weakly to PDZ3 from
est level of spatial resolution and was used to localize CRIPT in rat brain. Consistent results were obtained Binding was enhanced when upstream amino acids were included in the CRIPT peptide; the hexamer -YKQTSV from hippocampal area CA1 ( Figure 6A ), layers II/III of neocortex (Figures 6B and 6C) , and cerebellum and striand the nonamer -TKNYKQTSV bound with K d s of ‫2ف‬ M and ‫1ف‬ M, respectively. These physicochemical atum (data not shown). In all regions, gold particles for CRIPT were associated most prominently with asymmeasurements support the conclusion from mutagenesis experiments ( Figure 3A ) that CRIPT interactions with metric synapses. Synaptic labeling for CRIPT was concentrated in the deep part of the PSDs and was generally PDZ3 involve more than just the last four amino acids. Compared with CRIPT, the C-terminal hexapeptide from sparser over the synaptic cleft and the presynaptic terminal. Labeling at a lower density was also seen at another reported PDZ3-binding protein, neuroligin (Irie et al., 1997) , showed a weaker binding affinity for PDZ3 nonsynaptic plasma membranes and within dendritic shafts, consistent with the light microscopy (LM) find-(Kd ‫021ف‬ M).
ings. Significantly, not all synapses were labeled with CRIPT antibodies. CRIPT was found postsynaptically in Immunohistochemical Localization of CRIPT spines (and sometimes on dendritic shafts) associated Protein in Rat Brain with asymmetric synapses. Symmetric (presumably inIf CRIPT interacts with PSD-95 in vivo, one would expect hibitory) synapses, however, were uniformly negative colocalization of these proteins in brain synapses. We for CRIPT. In a very few synapses, only the presynaptic used affinity purified antibodies 97/3 (raised against a part was labeled. In these cases, labeling was scattered CRIPT peptide) and 13/8 (raised against a Trx-fusion of over the terminal without an obvious association with CRIPT) for immunohistochemical localization of CRIPT the presynaptic membrane or presynaptic dense projecin rat brain. These two independent antibodies gave tions. When primary antibody was omitted, gold partiessentially the same staining patterns (compare Figures cles were completely absent or very rare. When normal 4C and 4D), strongly suggesting that they are recognizserum was substituted for primary antibody, sparse gold ing authentic CRIPT in brain sections. Here we show particles appeared scattered at random, showing no mostly results with 97/3 because that antibody had a significant affinity for synaptic regions (data not shown). higher signal-to-noise ratio. CRIPT is widespread but Quantitative measurements revealed that the distribudifferentially expressed at the regional level in rat brain tion of gold particles was uniform tangentially across ( Figure 4A ). CRIPT staining was particularly heavy in the the synapse, declining rapidly near the edge of the PSD hippocampus, moderate in the striatum and cortex, and ( Figure 6F ). Particle density along the axodendritic axis modest in the midbrain. At the cellular level, CRIPT impeaked about 35 nm inside the postsynaptic membrane, munoreactivity is associated with neurons and is distribcoinciding roughly with the inner edge of the PSD (Figure 6E ). uted in a somatodendritic pattern (see for example the In double labeling studies using different size gold diffusely throughout the cytoplasm with no detectable localization to a fibrillar network ( Figure 7A ; Kim et al., particles, CRIPT was found to colocalize with PSD-95 in asymmetric synapses at the EM level ( Figure 6D ). 1995). Upon coexpression with CRIPT, however, PSD-95 shifted its distribution from a diffuse to a filamentous Furthermore, CRIPT was postsynaptic to GABA-negative terminals only (presumably in excitatory synapses; network pattern (compare Figure 7C1 with 7A; see also Figures 8A and 8D ). The PSD-95 relative chapsyn-110 data not shown). Taken together with the light microscopic findings, the immunoEM data indicate a colocalishowed a similarly striking subcellular redistribution from "diffuse" to "filamentous" when coexpressed with zation of CRIPT with PSD-95 in excitatory synapses throughout the brain, consistent with a direct interaction CRIPT ( Figure 7D1 ). There was no apparent change in the distribution of CRIPT in PSD-95 or chapsyn-110 coof these proteins in the PSD. transfected cells; CRIPT remained largely diffuse with partial localization in a filamentous network that signifi-CRIPT Induces Redistribution of PSD-95 to Microtubules cantly overlapped with the filamentous staining pattern of redistributed PSD-95 ( Figures 7C and 7D ). ImporTo investigate a possible functional role for the interaction between CRIPT and PSD-95, we expressed these tantly, the redistribution of PSD-95 family proteins to a filamentous network is dependent on interaction with proteins heterologously in COS-7 cells. CRIPT, when expressed by itself, showed diffuse cytoplasmic staining the CRIPT C terminus, because PSD-95 remained in a diffuse cytoplasmic pattern when coexpressed with with partial localization to an intracellular filamentous network ( Figure 7B ). This filamentous CRIPT staining is CRIPT V101A , a CRIPT mutant that cannot bind PSD-95 ( Figure 7E1 ). Moreover, a mutant PSD-95 lacking PDZ3 difficult to capture photographically, since it is somewhat obscured by the diffuse CRIPT staining. PSD-95, (the CRIPT-binding domain) remains in a mostly diffuse distribution when cotransfected with CRIPT ( Figure 8C ). on the other hand, when expressed by itself is present What is the molecular makeup of the filamentous netthis, the mutant CRIPT V101A (which cannot bind PSD-95) also causes a change in microtubule appearance that work to which PSD-95 is recruited in the presence of CRIPT? Based on the hypothesis that the network was is indistinguishable from wild-type CRIPT ( Figure 8B ). However, PSD-95 does not redistribute to microtubules cytoskeletal in nature, we tried staining for actin, tubulin, and intermediate filaments (Figure 8 ). The PSD-95 fibrilin CRIPTV101A expressing cells, presumably because CRIPTV101A cannot bind PSD-95 ( Figure 8B ). Similarly, lar network induced by CRIPT showed no colocalization with the intermediate filament vimentin (Figure 8D ) or when CRIPT is cotransfected with PSD-95 ⌬PDZ3 (a mutant which lacks PDZ3), the mutant PSD-95 remains for the with actin or endoplasmic reticulum markers (data not shown). Only the pattern of tubulin staining matched most part diffusely distributed in the cytoplasm, even though the pattern of microtubule staining is altered closely that of the PSD-95 filamentous network ( Figure  8A ), suggesting that PSD-95 was being recruited to mi-( Figure 8C ). Thus, the reorganization of the microtubule network and the recruitment of PSD-95 to these microtucrotubules in the presence of CRIPT.
CRIPT seems to reorganize the microtubule cytoskelbules are separable functions that depend on different parts of the CRIPT protein. eton independently of PSD-95 binding. In the absence of CRIPT, tubulin is present in thin fibers, often radiating out from the center of the cell ( Figure 8A, upper cell) . In PSD-95 and Tubulin Can Be Coimmunoprecipitated with CRIPT from Rat Brain the presence of CRIPT, the thickness and brightness of microtubule staining increases dramatically, and the CRIPT binds directly to PSD-95 in vitro; in addition, the data from heterologous cells suggest an interaction microtubule network appears more convoluted (compare the tubulin staining of the untransfected upper cell (which could be direct or indirect) between the CRIPT/ PSD-95 complex and tubulin. To obtain in vivo evidence with that of the lower transfected cell in Figure 8A ; compare Figure 8E with 8F). This change in microtubule for these interactions, we performed coimmunoprecipitation experiments from rat brain extracts. In addition organization, and the redistribution of coexpressed PSD-95, is apparent in virtually all CRIPT-positive cells. The to CRIPT itself, CRIPT antibodies were able to coimmunoprecipitate PSD-95 and chapsyn-110 from solubilized altered appearance of microtubules is found in cells transfected with CRIPT alone and is therefore not desynaptosomal membranes, indicating the existence of a biochemical complex containing CRIPT and PSD-95 pendent on PSD-95 ( Figures 8E and 8F ). In keeping with family proteins ( Figure 9A ). CRIPT could also be immu-CRIPT antibodies with the immunogenic peptide abolished CRIPT immunoprecipitation as well as coimnoprecipitated from cytosolic brain fractions; however, in this case it was not associated with PSD-95 or chapmunoprecipitation of PSD-95, chapsyn-110, and NR2B ( Figure 9B ). syn-110, which are tightly membrane associated. In addition to PSD-95 family proteins, small amounts of NR2B Significantly, ␤-tubulin was also consistently coimmunoprecipitated from synaptosomal membrane extracts and GKAP (a protein associated with the GK domain of PSD-95 Naisbitt et al., 1997] ) were using CRIPT antibodies ( Figure 9A ). The precipitation of tubulin was due neither to nonspecific adhesiveness of present in CRIPT immunoprecipitates from membrane extracts ( Figure 9A ). These results are in keeping with tubulin nor to the presence of large aggregates of PSD proteins, since tubulin was only detected in CRIPT and CRIPT being indirectly associated with NMDA receptors and GKAP through their binding to PSD-95 family pronot in nonimmune IgG or NR2B immunoprecipitates. Although CRIPT and NR2B can be indirectly linked through teins. Consistent with this, NR2B antibodies were also able to coprecipitate PSD-95 and chapsyn-110 from PSD-95, these coimmunoprecipitation data suggest a more direct association between tubulin and CRIPT than membrane fractions ( Figure 9A ). However, neither CRIPT nor GKAP were detectable in NR2B precipitates, perbetween tubulin and NR2 proteins. In summary, these findings support a biochemical association between haps reflecting a lower efficiency of coimmunoprecipitation by NR2B antibodies. None of these synaptic pro-CRIPT and PSD-95 family proteins and tubulin in synaptosomal membrane fractions. teins were immunoprecipitated by non-specific rabbit immunoglobulins ( Figure 9A ). GRIP and calmodulin, both abundant postsynaptic proteins, were not detectable in Discussion any of the immunoprecipitates (data not shown), indicating that the CRIPT antibodies were not simply immuno-
CRIPT, a Novel Protein of Neuronal Synapses
While a variety of ligands of the first two PDZ domains precipitating large aggregates of the postsynapse but rather a specific subset of proteins. Preincubation of of the PSD-95 family of proteins have been described fied except for the transmembrane protein neuroligin (Irie et al., 1997) . Here we report the characterization of CRIPT, a novel intracellular PDZ3 ligand that is concentrated in the PSD of excitatory synapses. The binding of the CRIPT C terminus to PDZ3 has been visualized at higher resolution (2 Å ) than any other PDZ-mediated interaction, since it was the last nine amino acids of CRIPT that were used in the cocrystal of PDZ3 with its cognate peptide (Doyle et al., 1996) . Aside from what is known about its C terminus, little can be gleaned about the biochemical function of CRIPT from its sequence. The four -CXXC-motifs in CRIPT are reminiscent of the -CX2,4C-motifs found in zinc fingers of transcription factors, but CRIPT lacks other critical zinc finger elements such as the histidine residues required for coordinating the metal ion (Berg, 1990) . CXXC motifs are also found in the copper-binding pockets of CPx-type ATPases, in which only five residues (TCxSC) appear to be directly involved in making contact with the copper ion (Gitschier et al., 1998) . In a variety of heavy metal-binding proteins, this binding motif is conserved in the sequence GMTCXXC. The CRIPT CXXC repeats seem to lack these conserved features for ion binding. Another possibility is that the CRIPT CXXC repeats are involved in intra-or intermolecular disulfide bonding. However, it will take future study to reveal the role of those motifs.
PDZ Domain Specificity Depends on More than the Classical XT/SXV Motif
Many PDZ-containing proteins are localized at specialized submembranous sites, suggesting a central role for PDZ domains in assembling protein complexes involved in cell junction adhesion, transmembrane signaling, and protein anchoring Pawson and Scott, 1997; Ponting et al., 1997) . The specialty of PDZ domains is to bind to specific sequences at the very C-terminal ends of interacting proteins. The effect rather than a specificity effect, since E at -3 is (E) When PSD-95 is coexpressed with CRIPTV101A, PSD-95 remains also compatible with PDZ3 binding (Songyang et al., diffusely distributed as if transfected by itself (E1), demonstrating 1997, Kim et al., 1998) . In contrast to PDZ2, specificity for PDZ3 is not primarily determined by the -1 residue of the X(T/S)XV motif, because a serine at this position does not overridingly specify PDZ3 binding. Rather, PDZ3 binding requires a compatible sequence upstream of -3 in combination Kornau et al., 1995; Matsumine et al., 1996; Niethammer et al., 1996; Kim et al., 1998) , no with a suitable amino acid (such as serine) at -1. Whereas just the C-terminal four amino acids are sufficient for proteins binding specifically to PDZ3 have been identi-conferring PDZ2 binding, specific residues as far back as -7 appear to be involved in PDZ3 interaction. The importance of these upstream residues for PDZ3 binding is also indicated by the great increase in affinity shown by the C-terminal CRIPT hexapeptide and nonapeptide versus the tetrapeptide ligand. Both these results are consistent with the random peptide screening of Songyang et al. (1997) , who found that PDZ3 selected for peptide ligands enriched in positively charged lysine (K) residues at the -4 through -8 positions. It is probably significant that lysine is indeed present at the -4 and -7 positions of CRIPT. The involvement of residues upstream of the C-terminal tetrapeptide in PDZ recognition has also received support from studies of the interaction between muscle sodium channels and the syntrophin PDZ domain (Gee et al., 1998; Schultz et al., 1998) . The syntrophin PDZ domain is relatively similar to PDZ3 of PSD-95 in primary structure, and it also prefers lysine (K) or arginine (R) in the -4 position. Interestingly, the PDZ3 domains of Dlg/PSD-95 family proteins and the PDZ domain of syntrophins contain a conserved glutamate at position BC2 (in the loop between the ␤B and ␤C strands) that is situated close to the side chain of the -4 residue (Doyle et al., 1996; Songyang et al., 1997) . The first two PDZ domains of the PSD-95 family, on the other hand, carry a glycine or proline residue at the equivalent position (BC8 in Doyle et al., 1996) . Glu-BC2 in PDZ3 and syntrophin PDZs thus represents a good candidate for mediating charge-based interactions with positive side chains at the -4 position, selecting for lysine/arginine rather than for the hydrophobic residues found at that position in Kv1.4 and NR2A/B.
What part of the PDZ domain recognizes the -1 residue of the C-terminal peptide? Two candidate PDZ3 domain residues that might "see" the -1 position are ␤C5 and ␤B2 (Doyle et al., 1996) . Both residues are part of the binding pocket near the -1 side chain (Songyang et al., 1997) and are different between PDZ3 (phenylalanine and asparagine, respectively) and PDZ2 (lysine and serine). Indeed, when we substituted N326 with its PDZ2 equivalent, the altered PDZ3 could bind to -ETDV in the context of the CRIPT tail. However, this N326S mutant PDZ3 still showed overriding specificity for CRIPT sequences upstream of the last four amino acids, since it could not bind to -ETDV in the context of native Kv1.4. Thus, N326 is involved in the recognition of the -1 position but not of residues upstream of -3. Overall, these data reveal the fine specificity of recognition by PDZ 
Functional Significance of the CRIPT/PSD-95 Interaction
Recent genetic studies (Tejedor et al., 1997; Thomas et al., 1997; Zito et al., 1997) have provided strong evidence that the Dlg/PSD-95 family of proteins plays an important role in the localization of their ion channel binding partners at synaptic sites. Presumably, this localization function depends on direct or indirect interactions of PSD-95 family proteins with the subsynaptic cytoskeleton. Several findings in this study suggest a possible role for CRIPT in the cytoskeletal attachment of PSD-95. First, in heterologous cells CRIPT causes a striking recruitment of PSD-95 to microtubules. Second, this redistribution requires CRIPT binding to PSD-95, since a binding-defective mutant CRIPTV101A was unable to induce this redistribution. One simple mechanism to explain this effect (the "bridging" model) is that CRIPT binds to microtubules independently of PSD-95, and PSD-95 is recruited to microtubules as a result of its binding to the CRIPT C terminus. Another possibility (the "activation" model) is that the binding of CRIPT to PDZ3 activates PSD-95 in such a way that PSD-95 now has affinity for microtubules. Future work is required to distinguish between these models. One piece of evidence in favor of the bridging model is that both CRIPT and CRIPTV101A appear to partially localize to microtubules in the absence of PSD-95 ( Figure 7B ; data not shown). Perhaps more significant is that CRIPT induces a reorganization of microtubules independently of its interaction with PSD-95, as evidenced, for instance, by the ability of CRIPT V101A to reorganize microtubules (Figure 8B ). These data would be more consistent with a bridging model in which CRIPT interacts with PSD-95 via its C terminus and with microtubules via some other region, thereby recruiting PSD-95 to microtubules. Further supporting the bridging model is that known mi- munoprecipitation of tubulin with PSD-95 and CRIPT from synaptosomal membranes. This finding is compatiobtained for PDZ binding to NR2 or Shaker channel C ble with either a bridging or an activation model for termini using surface plasmon resonance or ELISA-style CRIPT action. Whichever is the case, given that CRIPT methods (Kd in the order of 10 -8 M or 10 -7 M; Marfatia et and PSD-95 are concentrated in the PSD, the general al. Mü ller et al., 1996) . This discrepancy could hypothesis would be that CRIPT mediates or regulates reflect real differences in the properties of PDZ2 versus PSD-95 interaction with microtubules at postsynaptic PDZ3; however, both ELISA and surface plasmon resosites. Certainly, microtubules are abundant in the dennance involve immobilization of one binding partner on dritic shaft and could interact with CRIPT/PSD-95 locala solid support. An in-solution measurement such as ized in the PSDs of excitatory shaft synapses. In inhibithat afforded by fluorescence polarization may be more tory glycinergic synapses, which are typically present on accurate. Micromolar binding constants are characterisdendritic shafts, a microtubule-binding protein, gephtic of SH3 domain interactions with their peptide ligands yrin, links the glycine receptor to postsynaptic microtu- (Feng et al., 1995) and may be more appropriate than bules (Kirsch et al., 1991; Meyer et al., 1995) . nanomolar affinities for dynamic protein-protein interacAn apparent problem with the above hypothesis is that microtubules are thought to be sparse or absent tions in vivo.
been described (Niethammer et al., 1996) . The PDZ3N326S mutant from dendritic spines (Harris and Kater, 1994) , where was generated using the Transformer site-directed mutagenesis kit the majority of PSD-95 and CRIPT is found. Tubulin, on (Clontech Laboratories, Palo Alto, CA). C-terminal mutants of CRIPT the other hand, is generally believed to be a major PSD and Kv1.4 were generated by PCR using specific mutant primers protein in dendritic spines, although there has been deand subcloned into vector pBHA.
bate as to the exact amount in the PSD and the role it may play there (Walters and Matus, 1975; Kelly and 
CRIPT Cloning and Northern Analysis
The original cDNA clone of CRIPT isolated from the yeast two-hybrid Cotman, 1978; Carlin et al., 1982; Cho et al., 1992; Harris screen (clone 3.13) state (Kelly and Cotman, 1978; Chang et al., 1997) while untranslated region of clone 3.13 was used to probe a rat hippocamretaining a cytoskeletal function. In this regard, it is interpus ZAPII cDNA library (Stratagene, La Jolla, CA). One of the isoesting that the microtubule-associated protein MAP2 lated phage library clones contained an in-frame stop codon in its 5Ј end, so we assigned the putative translation start site to the next has also been immunolocalized to spine PSDs despite methionine, which was in a good Kozak consensus. of dendritic spines.
The prevailing molecular view of PSD organization is
Fusion Proteins and In Vitro Binding
Filter overlay assays were performed as previously described (Li that a local concentration of PDZ-containing proteins Niethammer et al., 1996) . Full-length CRIPT and the (like PSD-95) acts as an extended multimodular scaffold C-terminal tails of NR2B (residues 1361-1482), NR2B (residues around which are docked specific sets of membrane 1453-1482), Kv4.2 (residues 409-548), and proteins and associated intracellular signaling molewere subcloned into GST-fusion vector pGEX-4T-1 (Pharmacia, Upcules (reviewed in . However, little is psala, Sweden). GST-fusion proteins were prepared as crude bacteknown about the sequence of events in the assembly in cultured neurons before NMDA receptors (Rao et al., A competitive fluorescence polarization assay was performed as 1998), but it is possible that other uncharacterized lipreviously described for SH3 domains (Feng et al., 1995) . Briefly, the gands of PSD-95 gather at synapses prior to PSD-95. CRIPT may regulate the microtubule association of a described (Feng et al., 1995) . All measurements were repeated twice.
variety of PDZ-containing proteins in diverse tissues
Antibodies
(potential candidates include the three novel PDZ-conMultiple rabbit CRIPT antisera were raised against a fusion protein taining proteins isolated by the CRIPT two-hybrid screen). . Two rabbits were immunized, and the antisera were affinity purified over tal-membrane interactions.
CRIPT-Trx fusion proteins coupled to Sulfolink columns (Pierce, Rockford, IL), generating antibodies 12/8 and 13/8. Before purificaExperimental Procedures tion the antisera were twice depleted of anti-thioredoxin antibodies on a thioredoxin protein column. Anti-peptide antibodies 96/3 and Yeast Two-Hybrid 97/3 were generated by immunizing two different rabbits with the Yeast two-hybrid screens were performed using the L40 yeast strain synthetic peptide TSKKARFDPYGKNKFSTC, corresponding to CRIPT harboring the reporter genes HIS3 and ␤-galactosidase (␤-gal) under amino acids 41-58. These antibodies were also affinity purified over the control of upstream LexA-binding sites (Bartel et al., 1993; Hol- Sulfolink columns coupled to immunizing peptide. lenberg Niethammer and Sheng, 1998) . The PDZ3 bait consisted of amino acids 302-401 of PSD-95 fused to the lexA DNAImmunoprecipitation binding domain in vector pBHA. The CRIPT screen was similarly Crude synaptosomal membrane and cytosolic fractions were isoperformed with CRIPT amino acids 4-101. A rat brain cDNA library lated from rat brain as described (Sheng et al., 1992 ; Kim et al., constructed in GAL4-activation domain vector pGAD10 (Clontech 1996) . Immunoprecipitations were performed as described (Lau et Laboratories, Palo Alto, CA) was screened with both baits. Twohybrid constructs of the individual PDZ domains of PSD-95 have al., 1996). Briefly, membrane or cytosolic fractions (500 g total protein) were solubilized in buffer containing 1% SDS, neutralized transfected at 40%-60% confluence using the lipofectamine method (GIBCO BRL). Cells were fixed 2 days after transfection in 2% parawith 5 vol of 2% Triton X-100, and incubated with primary antibodies (5-10 mg) for 2 hr at 4ЊC. For the competition experiments, antibodformaldehyde, permeabilized with 0.1% Triton X-100, and stained with primary antibodies and with Cy3-or FITC-labeled secondary ies were preincubated with immunogenic peptide for 1 hr before being added. Immune complexes were precipitated with protein A antibodies (Jackson Immunoresearch). The primary antibodies used were rabbit CRIPT antibodies 96/3 and 97/3 (1 g/ml), guinea pig Sepharose (Pharmacia), eluted with SDS sample buffer, and processed for Western blot analysis. The filters were probed with affinity anti-PSD-95 antibody (1 g/ml; Kim et al., 1995) , mouse anti-Myc antibody (Santa Cruz Biotechnology), mouse anti-␤-tubulin antibody purified rabbit antibodies against CRIPT, NR2B (Sheng et al., 1994) , GKAP , and GRIP (Mike Wyszynski and M. S., (Sigma), and rabbit anti-vimentin antibody (gift of P. Hollenbeck, Purdue University). Immunofluorescence was captured with a Biounpublished data) or mouse monoclonal antibodies against PSD-95 family proteins (Upstate Biotechnology, Lake Placid, NY), calRad MRC 1000 confocal microscope. Rat hippocampal cultures were prepared using previously demodulin (Upstate Biotechnology), and ␤-tubulin (Sigma, St Louis, MO). Bands were visualized by HRP-conjugated secondary antibodscribed methods (Banker and Cowan, 1977; Goslin and Banker, 1991) . Neurons were fixed at 21 days in culture in warm 4% paraies and ECL chemiluminescence (Amersham).
formaldehyde, 4% sucrose in phosphate buffered saline (PBS) for 15 min and permeabilized with 0.25% Triton X-100. Primary antibodies LM and EM Immunohistochemistry of Brain used were: CRIPT antibody 97/3, guinea pig anti-PSD-95 antiserum For LM immunohistochemistry, pentobarbital-anaesthetized male (1:300; Kim et al., 1995) , a monoclonal antibody against SV2 (1;50; Sprague-Dawley rats (200-400 g) were intracardially perfused with gift of K. M. Buckley, Harvard University), and a monoclonal antibody paraformaldehyde. Vibratome brain sections (30 m thick) were proagainst glutamic acid decarboxylase (1:2; GAD-6, Developmental cessed for immunocytochemistry using diaminobenzidine (DAB) or Studies Hybridoma Bank). Secondary antibodies were conjugated nickel-intensified DAB, using standard avidin/biotin/peroxidase histo FITC, Texas red, or AMCA (Vector Labs, Burlingame, CA). The tochemistry. Best results were obtained with primary antibody 97/3 coverslips were mounted in elvanol with 2% 1,4-diazabicyclo after permeabilizing the sections with 50% ethanol; different dilu-[2,2,2]octane. Fluorescent images were captured with a Zeiss Axitions of both this antibody and of 96/3 gave qualitatively similar oskop microscope (63ϫ, 1.4 N. A. objective) and a Photometrics results. In the competition experiments, antibodies were preincuseries 250 cooled CCD camera. bated with immunogen peptide for 2.5 hr. For immunofluorescence, 50 m sections were stained with primary antibodies (97/3 and 13/8, 0.5 g/ml) and visualized with FITC-conjugated secondary Acknowledgments antibodies (Jackson ImmunoResearch).
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